Introduction
Infectious diseases are a consequence of insufficient immune responses but deleterious effects of pathogens can also be caused by hyperstimulation and/or chronic activation of the immune system. Some pathogens can take advantage of both inadequate and exaggerated immune responses as exemplified by the highly versatile gram-positive human pathogen Streptococcus pyogenes (Group A Streptococcus) . The most common condition associated with S. pyogenes infection is streptococcal pharyngitis which is a largely self-limiting disease with substantial economic burden . In addition, S. pyogenes infections account for 650.000 annual cases of the life-threatening necrotizing fasciitis and streptococcal toxic shock syndrome with mortality exceeding 20% in spite of therapy . Human host factors determining susceptibility to S. pyogenes infections are not well characterized. Immunogenetics analyses suggest that a complex and precisely balanced immune response is required for successful protection.
Mutations in the signaling adaptor Myd88 result in a dramatic susceptibility to pyogenic infections in children but not in adults indicating that a robust stimulation of the innate immune system is fundamental for defense against S. pyogenes under conditions where adaptive immunity is still underdeveloped. Several human leukocyte antigen class II haplotypes are associated with strong protection against severe invasive S. pyogenes infections whereas others increase the risk of life-threatening disease . The high-risk haplotypes are often associated with an augmented cytokine storm. Experiments employing mice deficient in Myd88, Tnf, Tlr2, or It is well established that S. pyogenes activates IFN-I production in innate immune cells and that IFN-I receptor 1 (Ifnar1)-deficient mice are highly susceptible to subcutaneous S. pyogenes infection, a model of severe invasive cellulitis in humans . Our current study shows that IFN-I signaling plays a key role in homeostatic mechanisms required for an efficient yet not destructive immune reaction against invasive bacterial infection of soft tissue.
Results

IFN-I Induction by S. pyogenes in vivo Is Dependent on Irf5 and Occurs mostly in LysM+
and CD11c+ Myeloid Cells in Response to 23S rRNA S. pyogenes was found by us and others to stimulate expression of IFN-, the primary IFN-I, in murine bone marrow-derived macrophages (BMDMs) and GM-CSF-differentiated conventional dendritic cells (cDCs) . To identify cells producing IFN-I in vivo, we employed reporter mice allowing Cre-Lox-regulated cell type-specific monitoring of the Ifnb promoter activity .
Bioluminescence imaging of global reporter mice (Ifnb +/Δβ-luc ) revealed increased Ifnb promoter activity at the site of infection and in inguinal lymph nodes 24 and 48 h after infection ( Figure 1A and B). Reporter mice for the LysM+ (Ifnb +/fl β-luc -LysMCre) or CD11c+ (Ifnb +/fl β-luc -CD11cCre) lineages exhibited an overall lower luciferase signal prior to infection when compared to the uninfected global reporter mice, but the signal increased upon infection ( Figure 1A and B) .
Importantly, the induction of luciferase by S. pyogenes at the site of infection was comparable in the three reporter mice ( Figure 1B The induction of the Ifnb promoter at the site of S. pyogenes infection in mice lacking Irf3 was comparable to Ifnb +/Δβ-luc control reporter mice ( Figure 1C and 1D ). In contrast, mice lacking Irf5 exhibited severe impairment of Ifnb promoter induction ( Figure 1C and 1D) . These experiments showed that Irf5 is the major IFN- activator in vivo, thereby resembling IFN- production by cDCs in vitro. Irf5-dependent IFN- induction in cDCs can be triggered by S. pyogenes-derived RNA . A short conserved sequence of the bacterial 23S rRNA, including that of S. pyogenes, was recently shown to induce pro-inflammatory cytokines (e.g. Tnf, Il-6) by triggering Tlr13 . To test whether S. pyogenes 23S rRNA is also capable of inducing IFN-, we treated cDCs with total S. pyogenes RNA, purified S. pyogenes rRNA fractions or oligoribonucleotides comprising the Tlr13-stimulating 23S rRNA sequence (SA19) and its mutated version (mut-SA19). Both 23S rRNA and SA19 stimulated IFN- production whereas 16S, 5S rRNAs and mut-SA19 did not ( Figure 1E , left panel). Induction of IFN- by 23S rRNA was entirely Irf5-dependent ( Figure 1E ), in agreement with the requirement of Irf5 for IFN- induction by S. pyogenes in vivo ( Figure 1C and 1D). Consistent with the reported broader role of Irf5 in Tlr signaling , Tnf induction was also strongly dependent on Irf5 ( Figure 1E ). Finally, by using Tlr13-deficent cDCs we were able to show that S. pyogenes and S. pyogenes RNA induced IFN- in a Tlr13-dependent way ( Figure   1F ).
In summary, our data reveal that myeloid cells expressing LysM and/or CD11c are the major source of IFN- in S. pyogenes-infected mice. Our observation that IFN- induction is largely Irf5-dependent in vivo implies that a CD11c+ DCs are the main IFN- source. Furthermore, our data identify S. pyogenes 23S rRNA to be the IFN--inducing Tlr13 ligand in cDCs. To examine whether increased bacterial loads caused higher susceptibility of Ifnar1-deficient mice, we counted bacterial numbers at the site of primary infection (i.e. skin lesion), in the blood and in distant organs (spleen and liver) at 24 and 48 h post infection (p.i.), that is prior to occurrence of the first moribund animals. No differences in bacterial burden between WT and
Ifnar1
-/-mice were detected at any location or time point ( Figure 2B and C) . Therefore, the beneficial function of IFN-I must be exerted by mechanisms other than those involved in restricting bacterial burden.
IFN-I Signaling Prevents Hyperinflammation and Selectively Controls IL-1 Production
Given that the increased severity of infection in Ifnar1 -/-mice was not caused by higher bacterial burden, we assessed markers of liver and kidney injury. Serum levels of bilirubin, aspartate transaminase (AST) and glutamate dehydrogenase (GLDH) were significantly higher in S.
pyogenes-infected Ifnar1
-/-when compared to control animals 48 h p.i., indicative of exacerbated hepatocellular injury ( Figure 3A ). Alanine transaminase (ALT) was also increased, albeit the difference was not significant ( Figure 3A ). Serum levels of creatinine and urea were also significantly elevated in Ifnar1 -/-mice suggesting a more severe impairment of renal function ( Figure 3A ).
To evaluate leukocyte infiltration and pathological changes in organ architecture, hematoxylin and eosin (H&E)-stained sections of the infected skin, liver, spleen and kidney were examined.
Necrotic areas, which were frequently observed in all layers of the infected skin, were more often surrounded by areas of substantial leukocytic infiltrates in Ifnar1 
Elevated IL-1 amounts in Ifnar1
-/-spleens might result from more excessive damage in this organ since damaged tissue is a rich source of this cytokine . Cxcl1 amounts were in general slightly higher in Ifnar1 -/-mice but the difference to WT controls was only significant in infected skin lesions ( Figure 4E ). Cytokine amounts were low in uninfected animals of each genotype 6 ( Figure 4F ). Interestingly, the basal IL-1 levels appeared higher in uninfected Ifnar1
suggesting that IFN-I signaling was attenuating IL-1 production also in untreated mice.
Collectively, these data demonstrate that the absence of IFN-I signaling in S. pyogenes-infected animals causes massive tissue damage and hyperinflammation associated with a profound and selective failure to control IL-1 production. 
Increased Leukocyte Cellularity at the Site of Infection in
IFN-I Signaling Limits IL-1 Production by Macrophages, Dendritic Cells and Neutrophils
To understand the mechanism of IL-1 inhibition by IFN-I we analyzed effects of exogenous and endogenous IFN- on processing the IL-1 precursor (pro-IL-1) in S. pyogenes-infected
BMDMs. S. pyogenes-infected Ifnar1
-/-BMDMs secreted 2-fold more IL-1 than WT BMDMs ( Figure 6A ). Exogenous IFN- suppressed IL-1 secretion by WT but not Ifnar1 Figure 6A ). Tnf levels were not affected by IFN-I signaling ( Figure 6A ). Western blot analysis of supernatants confirmed that IL-1 measured by ELISA was indeed the mature cytokine ( Figure   6B ). The analysis confirmed inhibition of IL-1 but not Tnf by IFN-I signaling ( Figure 6B and S1).
Pro-IL-1 was higher in cell lysates of infected Ifnar1 Similarly, IFN- suppressed Il-1 but not Tnf production by peritoneal neutrophils ( Figure 6H ).
As S. pyogenes is a human-specific pathogen we asked whether IFN-I signaling suppressed IL-1 production in human cells. Primary human monocytes and macrophages were recently shown to produce IFN- in response to bacterial RNA and infection, among others with S.
pyogenes, in a TLR8-dependent way , implying that they are exposed to IFN-Is in the infected In summary, these data demonstrate a specific suppression of S. pyogenes-induced IL-1 production by IFN-I signaling in macrophages, cDCs and neutrophils, thereby further supporting our notion that the key IFN-I effector cells in vivo are LysM+ and CD11c+ cells.
IFN-I Signaling Prevents Induction of IL-1 to Levels Exceeding the Protective Range
We wondered whether responses to physiological levels of IL-1, i.e. levels reached under conditions of functional IFN-I signaling, contribute to immune protection against S. pyogenes. To this end, we first infected IL-1 receptor 1-deficient (Il1r1 -/-) mice with S. pyogenes. Il1r1
-/-mice were dramatically more susceptible to infection and displayed higher bacterial burden in distant organs ( Figure 7A and B) . Thus, IL-1 receptor signaling is indispensable for clearance of bacteria and survival in our infection model.
IL-1R1 is a subunit of the IL-1 receptor which is activated by the closely related but functionally distinct cytokines IL-1 and IL-1. As IL-1 levels were much less or not at all regulated by IFN-I signaling ( Figure 4A and B), we reasoned that IL-1 was the cause of the hyperinflammation in
Ifnar1
-/-mice. Previous work has established that S. pyogenes induces IL-1 via the poreforming toxin streptolysin O (SLO) by triggering the canonical NLRP3 inflammasome and caspase-1 . To address the role of IL-1, we employed caspase-1 and caspase-11 doubledeficient mice which lack the canonical and non-canonical inflammasome pathways (Casp1
) . These mice were significantly more susceptible to S. pyogenes infection when than WT controls indicating that IL-1 plays an indispensable role in activation of immune defense ( Figure 7C ).
These findings suggested that IFN-I signaling allows for sufficient production but prevents tissuedamaging accumulation of IL-1  To support this hypothesis we treated Ifnar1
-/-mice with Ac-YVAD-CHO which inhibits caspase 1 and caspase 4 . Initially, we observed that Ac-YVAD-CHO was able to attenuate IL-1 synthesis in S. pyogenes-infected WT mice ( Figure 7D ). The inhibitor significantly reduced IL-1 production in the organs but it was only marginally effective in the infected skin ( Figure 7D ). Remarkably, treatment of Ifnar1 Both S. pyogenes DNA and RNA were previously shown to induce IFN- in murine macrophages and cDCs, respectively . DNA, which triggered the TBK1/STING/IRF3 pathway, was a comparably poorer IFN- inducer than RNA which signaled via Myd88 and Irf5, but not Irf3 . Our current study demonstrates that in the context of the whole organism, the Irf5-dependent pathway is a non-redundant source of S. pyogenes-elicited IFN- whereas the Irf3 axis is dispensable. Irf5-depedent IFN- production is triggered by S. pyogenes 23S rRNA in a Tlr13 dependent way. The functional Tlr13 equivalent in humans is TLR8, which was reported to trigger IFN- production in response single stranded bacterial RNA, including that of S.
pyogenes . The precise signature of RNA recognized by TLR8 and the role of TLR8 in human infections remain incompletely understood.
We propose that cells positive for both LysM and CD11c markers are the key IFN--producing cells in S. pyogenes-infected mice. First, the global IFN- reporter mice induce the reporter to an extent similar to that of LysM+ and CD11c+ reporter mice, implying that no major IFN--producing cell population was missed when using such mice. Second, the activation of IFN- in reporter mice is almost entirely dependent on Irf5 which is in agreement with the reported requirement for Irf5 in cDCs in vitro . LysM+ macrophages can be excluded as a significant IFN- source since the macrophage-specific Irf3-driven IFN- activation is not important in vivo.
Neutrophils can be excluded since they reportedly lack the ability to activate IFN- expression upon bacterial infection . Although we did not directly investigate the plasmacytoid DC population, these cells are not likely to add significantly to IFN- levels as they are CD11c low and were reported to lack IFN- gene activation upon streptococcal infection . This reasoning suggests that the IFN--expressing cells are Tip-DCs (Tnf-and iNOS-producing DCs), which express both LysM and CD11c and were reported as a major source of IFN- in response to Listeria monocytogenes infection .
We observe two major effects of IFN-I signaling: restriction of IL-1 production by infiltrating leukocytes and reduction of the numbers of infiltrating leukocytes. Ifnar1-deificent neutrophils are probably the main source of the excessive IL-1 at the site of infection because they constitute more than 90% of infiltrating cells. On the other hand, the increased leukocyte infiltration in the absence of IFN-I signaling is a process caused by multiple cell types since the lack of Ifnar1 in LysM+ neutrophils and macrophages or CD11c+ DCs alone is not sufficient to sustain the enhanced infiltration.
Inhibition of IL-1 production by the IFN-I pathway occurs in our system at the level of Il1b pyogenes to this list of pathogens. This finding was unexpected since a deletion of the NLRP3 inflammasome does not alter resistance against S. pyogenes in an intraperitoneal challenge model . However, consistent with our observations, IL-1 helps prevent lethal bacteremia after intravenous infection with the same pathogen . These inconsistent findings might result from differences intrinsic to the S. pyogenes infection models used. Notably, we employed subcutaneous infection which is a valid model of invasive cellulitis in humans . Alternatively, S.
pyogenes might activate IL-1 synthesis in certain cells independently of NLRP3 or inflammasomes in general, as recently reported for sterile bone inflammation . Indeed, the incomplete blockage of IL-1 production in S. pyogenes-infected mice treated with the caspase inhibitor Ac-YVAD-CHO, as observed in our study, might result from inflammasome-independent IL-1 synthesis. However, a low tissue penetrance of the inhibitor could also explain the remaining IL-1 amounts.
The lethal hyperinflammation in Ifnar1
-/-mice was rescued completely by Ac-YVAD-CHO but only partially by anakinra. Anakinra exhibits a rapid pharmacokinetics which might diminish its beneficial effects. Alternatively, since caspase inhibition also prevents pyroptosis, the effects of Ac-YVAD-CHO might be more pleiotropic. Anakinra, and to some extent also Ac-YVAD-CHO impair both IL-1 and IL-1 signaling. However, only IL-1 is systemically upregulated in 
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Experimental procedures Experimental Model of S. pyogenes Infection
Subcutaneous infection of mice with S. pyogenes was carried out as described . Briefly, bacteria were cultured overnight, then diluted 1:24 and grown for 4 hours at 37°C until mid-logarithmic phase. Bacteria were harvested (6500 rpm for 8 min), washed twice in sterile PBS and then resuspended at a concentration of 2×10 8 CFU per 50 µl as controlled by plating serial 10-fold dilutions on blood agar plates. Mice were anesthetized by injection of a mixture of 10 mg/ml ketamine and 1 mg/ml xylazine (Graeub) in NaCl, the fur at one flank was partially shaved, and the inoculum (50 µl) was injected subcutaneously (s.c.). Infected animals were monitored for their health status every 4 to 8 h, and were euthanized when reaching behavioral and pathophysiological humane endpoints. Survival was monitored for 6 days. For experiments other than survival, animals were euthanized at indicated time points. Survival of mice was analyzed by the Logrank Test in GraphPad Prism 5 (GraphPad software, San Diego, USA). Survival curves comparison between two groups was performed using t-test. P values ≤0.05 were considered as significant.
Generation of Skin Air Pouches
Air pouch infections were carried out as described . Briefly, air pouches were raised on the dorsum of anesthetized mice by subcutaneous injection of 900 µl of air together with 100 µl of 1 x 10 6 CFU of bacterial suspension. After 24 hours, mice were sacrificed, air was aspirated from the pouches and exudates were collected by injection and subsequent aspiration of 1 ml PBS.
Samples were centrifuged at 1200 rpm for 5 minutes, and supernatants were used immediately or kept at -20 C for the evaluation of cytokines production. Infiltrating cells were counted using a hemocytometer, and cell viability was determined by trypan blue staining. Analysis of recruited cells was carried out by flow cytometry: cells were incubated with anti-Fc receptor (CD16/32), and stained using antibodies to Ly6C, Ly6G, CD11c, F4/80 (BD Biosciences, eBioscience). Data were acquired using a Fortessa fluorescence-activated cell sorting (FACS) (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Inhibition of IL-1ß in vivo
To inhibit IL-1ß processing in vivo, mice received the caspase 1-and 4-specific inhibitor Ac- 
Statistical Analysis
Statistical analyses were performed on Prism (GraphPad) using Student's t-test. Not significant (ns) p ≥ 0.05; * p < 0.05; * * p < 0.01; * * * p < 0.001.
von Bernuth, H., Picard, C., Jin, Z., Pankla, R., Xiao, H., Ku, C.L., Chrabieh, M., Mustapha, I.B., Ghandil, P., Camcioglu, Y., et al. (2008) . Statistical analysis: Student's t-test, * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. Bars represent mean ± SEM.
Statistical analysis: Student's t-test, * p < 0.05; ** p < 0.01; *** p < 0.001. Statistical analysis: Student's t-test, * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. Figure S1 ). Unprocessed IL-1ß (pro-IL-1ß), processed IL-1ß (p17), procaspase-1 and cleaved caspase-1 p20 subunit were detected by
Western blot in whole cell extracts (C) (see also Figure S2 ). Il1b and Tnf mRNA levels were determined by qRT-PCR (D) . Il1b mRNA stability was examined by qRT-PCR analysis of RNA isolated from cells 0, 30, 60 and 90 min after transcription blockage using actinomycin D (5
